Abstract: Artesunate, a derivative of artemisinin isolated from Artemisia annua L., has been traditionally used to treat malaria, and artesunate has demonstrated cytotoxic effects against a variety of cancer cells. However, there is little available information about the antitumor effects of artesunate on human gastric cancer cells. In the present study, we investigated the antitumor effect of artesunate on human gastric cancer cells and whether its antitumor effect is associated with reduction in COX-2 expression. The effects of artesunate on the growth and apoptosis of gastric cancer cells were investigated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, flow cytometric analysis of annexin V-fluorescein isothiocyanate/ propidium iodide staining, rhodamine 123 staining, and Western blot analysis. Results indicate that artesunate exhibits antiproliferative effects and apoptosis-inducing activities. Artesunate markedly inhibited gastric cancer cell proliferation in a time-and dose-dependent manner and induced apoptosis in gastric cancer cells a dose-dependent manner, which was associated with a reduction in COX-2 expression. Treatment with the selective COX-2 inhibitor celecoxib, or transient transfection of gastric cancer cells with COX-2 siRNA, also inhibited cell proliferation and induced apoptosis. Furthermore, the treatment with artesunate promoted the expression of proapoptotic factor Bax and suppressed the expression of antiapoptotic factor Bcl-2. In addition, caspase-3 and caspase-9 were activated, and artesunate induced loss of mitochondrial membrane potential, suggesting that the apoptosis is mediated by mitochondrial pathways. These results demonstrate that artesunate has an effect on anti-gastric cancer cells. One of the antitumor mechanisms of artesunate may be that its inhibition of COX-2 led to reduced proliferation and induction of apoptosis, connected with mitochondrial dysfunction. Artesunate might be a potential therapeutic agent for gastric cancer.
Introduction
Gastric cancer is a common malignant tumor in the digestive system, and the morbidity and mortality associated with this disease are ranked second highest of all malignant neoplasms in Eastern Asia, Eastern Europe, and South America. 1, 2 Surgical resection has been regarded as the standard of care for gastric cancer, but the condition in the majority of patients was advanced or metastatic disease at the time of presentation. Thus, chemotherapy plays an integral role in patients with advanced tumors by reducing the mortality of cancer. Anthracyclines, 5-fluorouracil, and cisplatin are chemotherapeutical drugs utilized in gastric cancer treatment. However, the development of drug resistance and severe side effects of standard anticancer drugs limit their therapeutic application. Therefore, the development of more effective and low-toxicity chemotherapeutic agents is an important area of study.
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Zhang et al Cyclooxygenase-2 (COX-2) is constitutively overexpressed in a variety of malignancies, including gastric cancer, breast cancer, bladder cancer, non-small-cell lung cancer, and colorectal cancer, 3, 4 and COX-2 overexpression is associated with carcinogenesis, progression, invasion, metastasis, and a poor prognosis. [5] [6] [7] Therefore, inhibition of COX-2 expression may prevent or reverse gastric carcinogenesis. There is increasing evidence demonstrating that inhibition of expression of COX-2 has antitumor activity against gastrointestinal carcinoma. 8 However, previous research has revealed that unexpected cardiovascular side effects result when selective COX-2 inhibitors are used in the long term. 9 Consequently, the development of more effective and low-toxicity selective COX-2 inhibitors is an important area of study.
Artesunate, a derivative of artemisinin isolated from Artemisia annua L., has been approved by the Chinese government for the treatment of malaria, especially against cerebral malaria. Studies demonstrated that it possesses a number of biological activities, including hepatoprotective, antiviral, anti-inflammatory, antioxidative, anti-allergic, antidiabetic, and antibacterial effects. [10] [11] [12] [13] [14] [15] Previous studies have revealed that artesunate could inhibit the proliferation of cells and inhibit angiogenesis in various tumor cell lines in vitro and in vivo, such as breast cancer, lung cancer, colon cancer, pancreatic cancer, and hepatocellular carcinoma. [16] [17] [18] However, there is little available information about the antitumor effects of artesunate on human gastric cancer cells. In the present study, we investigated the antitumor effect of artesunate on human gastric cancer cells and whether its antitumor effect is associated with reduction in COX-2 expression.
Materials and methods Materials
Gastric cancer cells BGC-823, HGC-27, and MGC-803 were obtained from the Cell Bank of the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, People's Republic of China). Artesunate was purchased from Guilin South Pharmaceutical Company Limited (purity .99.0%; Guilin, People's Republic of China). RPMI 1640 medium, fetal bovine serum (FBS), peni cillin-streptomycin, pancreatin, glutamine, and a bicinchoninic acid protein assay kit were purchased from Beyotime Institute of Biotechnology (Suzhou, People's Republic of China). An annexin V-fluorescein isothiocyanate (FITC)/ propidium iodide (PI) apoptosis kit was purchased from Hoffmann-La Roche Ltd. (Basel, Switzerland). Rhodamine 123 was purchased from Sigma-Aldrich Co. (St Louis, MO, USA). A caspase-3 colorimetric assay kit and caspase-9 colorimetric assay kit were obtained from Nanjing Keygen Biotech Company Limited (Nanjing, People's Republic of China). The 2X Taq PCR Master Mix was obtained from Tiangen Biotech Co., Ltd. (Beijing, People's Republic of China). Primers for human COX-2 and β-actin were designed by Sangon Biotech Co., Ltd. (Shanghai, People's Republic of China), and the sequences were as follows: forward, 5′-AAT GAG TAC CGA AAA TTC-3′ and reverse, 5′-CAT CTA GTC CGG ACC GGG AAG-3′ for COX-2; forward, 5′-ACC ACA GTC CAT GCC ATC AC-3′ and reverse, 5′-TCC ACC ACC CTG TTG CTG TA-3′ for GAPDH. COX-2 siRNA was purchased from Shanghai GenePharma Co., Ltd. (Shanghai, People's Republic of China). Lipofectamine 2000 reagent was purchased from Thermo Fisher Scientific (Waltham, MA, USA). The primary antibodies against human COX-2, Bax, Bcl-2, and β-actin were obtained from Cell Signaling Technology (Beverly, MA, USA). All other chemicals were of reagent grade and obtained from commercial sources.
cell culture
All the cell lines were cultured in RPMI 1640 medium supplemented with heat-inactivated 10% FBS, 100 IU penicillin and 100 μg/mL streptomycin in a humidified incubator at 37°C and 5% CO 2 ; transfer of culture was performed once every 3-4 days. When the cells reached logarithmic growth, 0.25% pancreatin was used to treat the cells for 2 minutes. The digested cells were resuspended using RPMI 1640 medium containing 10% FBS and then counted, and finally the concentration of cells was adjusted to 1×10 4 cells/mL.
cell viability assay
assay was used to analyze the viability of cell lines after test agents' treatment. Briefly, all normal and cancer cell lines were seeded into 96-well plates (6×10 3 cells/well) and allowed to attach overnight. After cellular adhesion, the medium was replaced with fresh medium supplemented with various concentrations of test agents and further cultivated for the indicated periods. The control culture received only the culture medium. Following further incubation, MTT was added at a concentration of 5 mg/mL, and the cells were incubated for another 4 hours at 37°C. After the medium was discarded, dimethyl sulfoxide was added to dissolve MTT formazan crystals. The absorbance reading of each well was determined using a multi-well plate reader at a wavelength of 570 nm. The wells without artesunate and the free cells (culture medium alone) 
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anticancer effect of artesunate on human gastric cancer cells were used as background. The cell growth inhibitory rates were defined as the relative absorbance of treated versus untreated cells.
cell apoptosis assay
To quantify apoptosis, cells were stained with annexin V and PI using the annexin V-FITC/PI apoptosis kit according to the manufacturer's instructions. Briefly, gastric cancer cells were cultured in the six-well plates with medium for 24 hours. The cells were then treated for a further 48 hours with test agents. After treatment, the cells were washed twice with cold phosphate-buffered saline (PBS) following treatment and resuspended in 195 μL annexin V-FITC binding buffer. Annexin V-FITC (5 μL) was added and mixed gently and the cells were incubated for 15 minutes at room temperature in the dark. The cells were then centrifuged at 1,000× g for 5 minutes and gently resuspended in 190 μL annexin V-FITC binding buffer. Following this, 10 μL PI staining solution was added and gently mixed. The cells were kept on ice in the dark and immediately subjected to flow cytometry. FCM Cell Quest software was used to analyze the data.
cOX-2 sirna synthesis and transfection
Gastric cancer cells (2×10 5 in 2 mL of RPMI 1640 without antibiotics) were plated in six-well plates. After 24 hours, the human-specific COX-2 siRNA mix with Lipofectamine 2000 was overlaid on the cells according to the manufacturer's protocol. After 48 hours of transfection, cells were harvested for the cell viability assay, the cell apoptosis assay, reverse transcription polymerase chain reaction analysis, and Western blot analysis.
caspase activity determination
The caspase-3 colorimetric assay kit and a caspase-9 colorimetric assay kit were used to measure the activity of caspase-3 and caspase-9. The assay is based on the cleavage of the chromogenic substrates DEVD-pNA and LEHD-pNA by caspase-3 and caspase-9, respectively. According to the manufacturer's instructions, gastric cells were seeded into 96-well white opaque plates and a corresponding optically clear 96-well plate, and then allowed to adhere overnight. After cellular adhesion, cells were treated with artesunate (20 mg/L, 40 mg/L, and 80 mg/L). At the end of the incubation time, cells were harvested and then lysed in chilled lysis buffer on ice for 10 minutes and centrifuged for 5 minutes at 10,000 rpm. Caspase substrate solution containing the specific peptide substrate was then added to the supernatant and incubated for 2 hours at 37°C. The activities were quantified spectrophotometrically at a wavelength of 405 nm.
Measurement of mitochondrial membrane potential
Mitochondrial membrane potential was measured by rhodamine 123 staining. Gastric cancer cells were cultured in the six-well plates and allowed to attach overnight. After cellular adhesion, the cells were then treated for a further 48 hours with artesunate, as described previously. Cells were harvested and washed twice with PBS, and then incubated with 20 μL rhodamine 123 staining solution at 37°C in the dark for 30 minutes, then washed twice with PBS and centrifuged at 500× g for 10 minutes. Finally, absorbance was determined using a spectrofluorometer at an excitation wavelength of 505 nm and an emission wavelength of 534 nm.
Western blot assay
Protein expression levels were analyzed by Western blot. Briefly, gastric cancer cells were seeded in six-well plates at a density of 2.5×10 5 cells and were then incubated overnight at 37°C before treatment. After cells were treated with artesunate (20 mg/L, 40 mg/L, and 80 mg/L, respectively) for 48 hours, the cells were washed with PBS and lysed with lysis buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Nonidet P-40, 1 mM ethylenediaminetetraacetic acid, 50 μg/mL leupeptin, 30 μg/mL aprotinin, and 1 mM PMSF), and incubated at 4°C for 1 hour. The extracts were cleared by centrifugation at 13,000 rpm for 20 minutes at 4°C. The concentration of protein was determined using a bicinchoninic acid protein assay kit according to the manufacturer's instructions. Protein was loaded at a concentration of 40 μg per lane, separated on a 12.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel, and then transferred onto a nitrocellulose membrane using a wet transfer system. Next, the membrane was blocked with 10% nonfat dry milk in TBST (Tris-buffered saline with Tween 20, pH 8.0) and then incubated with primary antibodies (COX-2, Bax, Bcl-2, and actin) overnight at 4°C. The appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies were used at 1:3,000 for all antibodies. Positive antibody reactions were detected with the enhanced chemiluminescence system and Hyperfilm X-ray film.
statistical analysis
All experimental data are shown as the mean ± standard deviation. Student's t-test was used for comparison of the values between two groups. P,0.05 was consid ered to indicate a statistically significant difference.
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Results
effect of artesunate on proliferation in gastric cancer cells
The three human gastric cancer cell lines were treated with 20 mg/L artesunate, and the viability of cells was assessed by MTT assay from 24 to 72 hours. After treatment, the proliferation of these cell lines was significantly inhibited, especially in HGC-27 cells ( Figure 1A) . Furthermore, the growth rate of HGC-27 cells was greatly decreased by incubation with 40 and 80 mg/L artesunate ( Figure 1B) . The viability of HGC-27 cells treated with artesunate decreased in a dose-and time-dependent manner.
effect of artesunate on cell apoptosis in gastric cancer cells
To determine whether the growth-inhibitory effect of artesunate is related to the induction of apoptosis, gastric cancer cells treated with artesunate for 48 hours were analyzed using flow cytometry analysis. As revealed in Figure 2 , the proportion of apoptotic cells increased from 12.3%±2.1% to effect of artesunate on expression of cOX-2 in gastric cancer cells COX-2, overexpressed in various cancers, plays an important role in tumor formation, progression, invasion, and metastasis. To elucidate the interaction between COX-2 and artesunate, HGC-27 cells were exposed to 0, 20, 40, and 80 mg/L artesunate for 48 hours and the expression of COX-2 was assessed using Western blot analysis. As demon strated in Figure 3 , artesunate treatment was associated with reduced 
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Zhang et al effect of celecoxib, a selective cOX-2 inhibitor, on cell proliferation and apoptosis in gastric cancer cells To explore whether the antitumor effect of artesunate on gastric cancer cells is mediated through its inhibitory effect on COX-2 expression, the viability of HGC-27 cells was assessed by MTT assay after treatment with various concentrations of celecoxib (0, 20, 40, and 80 μmol/L), a well-known inhibitor of COX-2, from 24 to 72 hours. Treatment of the cells with celecoxib resulted in a dose-and time-dependent reduction in the cell viability of HGC-27 cells as compared with non-celecoxib-treated controls (P,0.05) (Figure 4) . Celecoxib also could induce cell apoptosis ( Figure 5) . Treatment of the HGC-27 cells with celecoxib for 48 hours induced a marked, dose-dependent induction of both the early and late stages of apoptosis. Celecoxib treatment increased the number of apoptotic cells from 8.83% in the untreated cell group to 25.86% in the group treated with 80 μmol/L celecoxib. These data suggest that the inhibition of COX-2 expression is linked to the inhibition of cell proliferation and induction of cell apoptosis.
effect of sirna knockdown of cOX-2 on cell proliferation and apoptosis
We further verified the role of COX-2 in cell proliferation and apoptosis through siRNA knockdown of COX-2 in the gastric cells and examined whether it would lead to the inhibition of cell proliferation and the induction of cell apoptosis. After 48 hours of transfection, the expression of COX-2 was analyzed by reverse transcription polymerase chain reaction and Western blot analysis. The mRNA expression and protein expression levels of COX-2 were significantly decreased in the COX-2 siRNA group compared with the control siRNA group ( Figure 6A ). The transfection of HGC-27 cells with COX-2 siRNA resulted in a significant reduction in the cell proliferation of HGC-27 cells after 48 hours as compared to that of the control siRNA-transfected HGC-27 cells ( Figure 6B ). We also analyzed the effect of COX-2 siRNA on cell apoptosis in HGC-27 cells using annexin V-FITC/ PI staining. The transfection of HGC-27 cells with COX-2 siRNA increased the number of apoptotic cells from 5.55% in the control siRNA-transfected cell group to 19.35% in the COX-2 siRNA group ( Figure 6C ).
effect of artesunate on caspase activity and the protein expression of Bax and Bcl-2 in gastric cancer cells
To examine the mechanism of apoptosis induced by artesunate in gastric cancer cells, we analyzed mitochondrial features of the intrinsic apoptotic pathway. The proapoptotic Bcl-2 family members, such as Bax and Bcl-2, are essential for the initiation of mitochondrial dysfunction during apoptosis. The protein expression levels of Bax and Bcl-2 were assessed by Western blot analysis. Results showed that, in HGC-27 cells, treatment with increased doses of artesunate led to increased expression of Bax and decreased expression of antiapoptotic Bcl-2 ( Figure 7A ). In addition, the activity of caspase-3 and caspase-9 was upregulated ( Figure 7B ).
effect of artesunate on mitochondrial membrane potential in gastric cancer cells
A large number of studies demonstrate that the disruption of mitochondrial integrity is a critical step occurring in cells undergoing apoptosis. A decreasing mitochondrial membrane potential is related to mitochondrial dysfunction, and loss of mitochondrial membrane potential plays a vital role in the mitochondrial-medi ated apoptosis. As shown in Figure 8 , after treatment with various concentrations of artesunate for 48 hours, the fluorescence intensity was significantly decreased in the HGC-27 cells, suggesting that artesunate treatment of gastric cancer cells induces apoptosis through the mitochondrial apoptosis pathway.
Discussion
Gastric cancer is the second most common cause of cancerrelated mortalities worldwide and the fourth most common cancer, with approximately 900,000 new cases and 700,000 deaths per year. 19 In East Asian countries especially, like the People's Republic of China and Japan, more than 1 million new cases are diagnosed with gastric cancer each year. 20 Attempts to improve the outcomes of this disease have incorporated the use of adjuvant chemotherapy. However, the clinical applications of standard anticancer drugs such as adriamycin, 5-fluorouracil, and cisplatin are limited because of the severe side effects. As a result, increasing attention has been focused on the application of natural products in the treatment of gastric cancer.
Artesunate has been traditionally used to treat malaria, especially against cerebral malaria. Previous studies have revealed that artesunate possesses a number of biological activities 21, 22 and exhibits antiproliferative effects and apoptosis-inducing activities in various tumor cell lines in vitro and in vivo. [23] [24] [25] Although numerous studies have demonstrated that artesunate may have potential as an anticancer therapy, there is little available information about the antitumor effects of artesunate on human gastric cancer cells. In the present study, our results show that artesunate effectively inhibited HGC-27, BGC823, and MGC803 cell proliferation, especially in HGC-27 cells, and all the effects were in a time and dose dependent manner. It also revealed that artesunate resulted in apoptosis of treated cells in a dose-dependent manner. These results indicate that artesunate may inhibit the proliferation of cultured HGC-27 cells by activating the apoptotic signaling pathway.
Apoptosis, a tightly regulated signaling process that involves the coordination of both antiapoptotic and proapoptotic proteins, is vital for anti-carcinogenesis. 26 The proapoptotic Bcl-2 family members, such as Bax and Bcl-2, are essential for the initiation of mitochondrial dysfunction during apoptosis. The results show that the expression of proapoptotic factor Bax was mark edly upregulated in the artesunate treatment group. However, antiapoptotic factor Bcl-2 was reduced significantly. Also, artesunate treatment led to an increase in the activity of caspase-3 and caspase-9. Artesunate could also induce loss of mitochondrial membrane potential in HGC-27 cells. These results indicate that artesunate could induce apoptosis in gastric cancer cells by activating the mitochondrial apoptosis pathway.
COX-2, the inducible enzyme that regulates prostaglandin E2 (PGE2) synthesis, is frequently overexpressed in various cancers. 27, 28 COX-2 and PGE2 play a central role in orchestrating the multiple events of cancer invasion, metastasis, and tumor development. [29] [30] [31] Moreover, a metaanalysis demonstrated that high COX-2 expression may be an independent risk factor for poor overall survival of patients with gastric cancer. 32 Additionally, early-stage gastric cancer patients with high expression of COX-2 protein were at a higher risk for cancer-related death than those with a low level of COX-2 expression. 33 Therefore, COX-2 is considered a promising target for cancer therapy. 3 The search for novel and low-toxicity inhibitors of COX-2 may provide a better option for the treatment of gastric cancer and that may provide a better strategy for its prevention or treatment. In the present study, artesunate was shown to suppress the expression of COX-2 in HGC-27 cells in a dose-dependent manner. These results indicate that the effects of artesunate on cell growth inhibition and apoptosis were associated with the inhibition of COX-2 expression. This was supported by evidence that treatment of HGC-27 cells with celecoxib, a selected COX-2 inhibitor, resulted in a reduction in the cell viability and an increase in cell apoptosis. Similar effects were noted when the HGC-27 cells were transfected with COX-2 siRNA. By stimulating the growth of blood vessels, inhibiting local immune function, and regulating a variety of signal transduction pathways, PGE2 contributes to promoting the proliferation of cancer cells and the growth of tumors, reducing apoptosis, and increasing tumor invasiveness. [34] [35] [36] The protein encoded by COX-2 genes is a type of oncogenic protein, which could catalyze the conversion of arachidonic acid to PGE2. Some studies confirmed that overexpression of COX-2 promoted cell proliferation by weakening the antiproliferative effect of transforming growth factor-β (TGF-β). 37 Previous study demonstrated that COX-2 was a regulatory factor in the Bcl-2 upstream sequences through the phosphatidylinositol 3-kinase (PI3K) signal pathway, and eventually inhibited the apoptosis of cancer cells. 38 It has also been confirmed that COX-2 could inhibit the apoptosis of cancer cells by inducing the mutation of P53 and weakening the apoptotic signal mediated by Fas protein. 39 These results indicate that artesunate induces apoptosis by suppressing the expression of COX-2, which led to downregulation of Bcl-2 and upregulation of Bax.
In summary, the results from this study suggest that artesunate exhibits a marked antitumor effect. One of the antitumor mechanisms of artesunate may be that its inhibition of COX-2 led to reduced proliferation and induction of apoptosis, connected with mitochondrial dysfunction. These results provide a rationale to continue research with artesunate, and further mechanism-based in vivo studies are required that can establish the importance of artesunate and its development as a pharmacologically safe, nontoxic agent for gastric cancer treatment by use either alone or in combination with conventional therapeutics.
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